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Introduction

The mechanical properties of gun propellants at high
rates of strain are of interest to interior ballisticians,
in particular, because of their importance in the control
of surface area generation during the ballistic cycle.
Gun propellant grains are subjected to impacts in the
propellant bed during the ignition phase of a firing.
High-strain rates are also imposed by the propagation of
a shock wave. The result of such impacts and the response
of gun prcpellant grains to shock waves may result in
grain fracture and increases in surface area available for
combustion. The importance of gun propellant mechanical
properties in propelling charge phenomenology was

described by Horst (1981).

This report reviews the literature of high-strain
rate testing, presents the theory applicable to the
Hopkinson split-bar, high-strain rate test device,
presents designs for the ambient pressure and high
pressure split-bar devices, and gives test results for

several gun propellants.
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Chapter 1

High-Strain Rate Tests on Gun Propellants

The properties of some gun propellant formulations
under high loading rates have been studied previously (see
Fong (1985); et al. (1981); Schubert and Schmitt (1973);
Greidanus (1976); Benhaim et al. (1978); Wires et al.
(1979); and Pinto et al. (1983)). Most of these studies
have been carried out at strain rates of 400/s or less and
at ambient pressures. The rates of strain to which the
propellant grains will be exposed during an actual
ignition may be higher due to the intense impacts
resulting from passage of the ignition wave. In addition,
the pressure in the gun chamber during the event will be
much higher than ambient (to approximately 140 to 700 MPa
(20,000-100,000 psi)). 1In order to simulate the high-
strain rate environment in the gun chamber, testing using
a Hopkinson split-bar device was conducted with inert
propellant simulants and live gun propellant formulations.
In addition, a device was designed to allow further
testing using a Hopkinson split-bar device under pressures

up to 200 MPa (30,000 psi).
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In the present paper, an application of the Hopkinson
split-pressure bar technique to gun propellant testing is
presented. The objectives of the current study are 1) to
establish a baseline of high-strain rate properties for
three different propellant formulations at ambient
pressure; and 2) to develop a high-pressure Hopkinson
Split Bar test facility. The high-pressure apparatus is
being fabricated at the U.S. Army Ballistic Research
Laboratory (BRL) Interior Ballistics Division (IBD) at

Aberdeen Proving Ground, Maryland.

Background

The general technique of using a cylindrical bar to
transmit a stress pulse to a specimen in order to
investigate the properties of the specimen was developed
by Hopkinson (1914). various modifications of the
technique have been developed to study the compressive,
tensile, and torsional properties of many different types
of materials. Common to all these approaches is the
transmission of a pulse through elastic media to generate
stresses outside the elastic range in the test specimen.
Devices have been developed to examine both uniaxial and

biaxial properties.




Many modern applications of the technique have been
btased on the apparatus developed by Kolsky (1949). Ia
his approach, very thin specimens were used to maximize
longitudinal propagation of the stress wave, thereby
reducing the effort required for data reduction. The
thinness of the wafers also maximized strain rate in the
specimen, by reflection of stress pulses on the ends of
the bars. However the effects of friction at the
interface of the specimen and the end of the bar were
found to be significant, particularly with very thin

specimens.

Variations of the original Hopkinson apparatus have
been used to study the high-rate properties of metails,
rocks, plastics, cement, soil, and filled polymers. The
technique has also been applied to various propellants and
explosives by Murri et al. (1977), Hoge (1967), Hauser
(1961), Fong (1985), James and Breithaupt (1984),

Costantino and Ornellas (1987), and others.

Fong's primary interest was 1in determining the
fracture behavior of gun propellant grains under impact
conditions. Specifically, his objective was to detect the

onset of fracture in multiperforated grains under
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counpressive 1lcads using a variation of the Kolsky
apparatus. An interesting feature of his work was the
observation of "minor" and "major" yield regions on a
load/displacement trace. These distinct regions were also
resolved on graphs of load or stress as a function of
projectile velocity. They may be interpreted as an
elascic minor yieiding and a major yielding due to crack
propagation and/or plastic flow. A characteristic plot

for seven-perforated grains is shown in Figure 1.
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Figure 1. Load-displacement relationship for a single-

base propellant grain.

Fong (1985) indicated that the minor yielding was
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crack initiation. A scanning electron micrograph was used
to observe the surface fracture pattern of impacted
grains, and evidence of minor cracking was found around
the center perforations of some of the grains. In
addition, Fong reports that several minor yielding events
were observable in test data, but that the observations
were not consistent in every test. As a result, Fong
applied a lower limit criterion to account for the random
nature of crack initiation and propagation. A primary
conclusion was that crack initiation may result in new
surface areas available for combustion. Fong also
indicated that friction between the new surfaces may

produce hot spots and, therefore, ignition sites.

James and Breithaupt (1984) used the Hopkinson
technique to evaluate the properties of several solid
rocket propellant formulations. 1Initially, a compressive
apparatus was used but was eventually replaced by a
tensile version of the test due to data inconsistency when
sample fracture did not occur. The samples were not
perforated, as were gun propellant grains in the tests

described above. The samples were also somewhat larger.




Stress/strain plots were generated for a number of
formulations at various strain rates. Generally, the
formulations tested were highly dependent on strain rate.
Some of the plots show a "double hump" feature,
reminiscent of the minor/major failures in Fong's
experiments. The particle sizes of the soclid-phase
constituents were found to be particularly important in

the load response characteristics observed.

The latter finding highlights a problem in the
testing of composite materials like solid propellants.
Sample size may affect the results, due to the fact that
some of the constituent materials may be of relatively
appreciable size compared to the size of the sample (see
Marsh (1987) on size effects). The severity of this
effect depends somewhat on the particle size of the
oxidizer or fuel in the mixture. In addition, the
propellant processing and sample fabrication steps may
result in material defects or surface irreqularities that
may affect the results of a particular test. Propellants
present a difficult challenge to the structural designer
because the materials are generally difficult to
characterize and are also relatively variable in their

properties, as well as being anisotropic.




The effects of sudden application of load to
explosive materials were studied by Hoge (1970).
Responses to both tensile and compressive loads were
evaluated at strain rates approaching 3,000/s. Generally,
the conmposition of many explosive formulations 1is
reasonably similar to that of a composite propellant. The
mechanical properties of explosives, like solid
propellants, are rate-sensitive, and this similarity

extends to properties at high loading rates.

Several investigators have used other methods to
determine response properties of energetic materials to
high loading rates. Much of this work has been conducted
by the U.S. Army at BRL and at the Large Caliber Weapons
Laboratory, Picatinny Arsenal, New Jersey. As mentioned
previously, much of this work has been done at lower rates
of strain than can be obtained with a Hopkinson split-bar

apparatus.

Lieb et al. (1981) used a drop weight tester to
obtain stress/strain curves for a number of propellant
formulations at strain rates up to about 300/s. of
primary interest was the determination of fracture strain
values at various loading rates for fracture mechanics

studies. Results for M30 are shown in Figures 2 and 3.
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Costantino and Ornellas (1985 and 1987) obtained
failure curves for the JA-2 and HELOVA (high energy/low
vulnerability ammunition) propellants 1) under confinement
at low rates and 2) under ambient pressures at much higher
strain rates (up to 2,600/s). The confined tests were
conducted under hydrostatic load with application of an
additional axial load, resulting in a net shear loading.
Their results for both JA-2 and HELOVA indicate a pressure
effect on material strength, as well as a rate effect.
Hydrostatic loads from 0.1 to 400 MPa (15 - 58,000 psi)
were applied. Strain rates varied from 107 to 103/second
at four levels. The material was driven to failure by
low-rate axial loading superimposed on the hydrostatic
load. The JA-2 tests indicated that the response was
elasto-plastic: linear at strains of up to about 1% and
nonlinear thereafter. The modulus determined for JA-2
was about 2.4 - 2.6 GPa at strain rates of about
1,500/second at ambient pressure. The resultant plots
show maximum shear stress versus the log of strain rate is

shown in Figures 4 and 5.

In earlier experiments at ambient pressure, Constantino
and Ornellas (1985) determined the maximum stress values

for HELOVA to be about 91 - 93 MPa at strain rates of
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2,600/s. At an average strain rate of 1,600/s, the

maximum stress was about 67 - 68 MPa.

The Hopkinson Split-Bar technique is used to
determine characteristic material behavior outside the
elastic range. A factor which complicates application of
the technique to propellants is that generally propellants
are viscoelastic materials whose exact properties are
difficult to characterize. The most common approach to
viscoelastic characterization is to determine 1linear
constitutive equations based on time/temperature
superposition. Unfortunately, the actual behavior of

propellants is usually nonlinear, with memory effects.

12




Chapter 2

Experimental Apparatus

A summary of the theory for the Kolsky version of
the Hopkinson split-bar or split-~rail test is presented
here. The Kolsky arrangement was used as the basis for

both the ambient-pressure and high-pressure test devices.

Theory of Measurement

The basis for the Kolsky apparatus is a one-
dimensional elastic wave theory. Pressure/time loading
is applied at one end of an elastic bar of appreciable
length. It is assumed that the suddenly applied loading
will generate a wave in the elastic bar which propagates
parallel to the longitudinal axis of the bar. If it is
further assumed that the wavef.ont is planar, then a one-
dimensional form of the wave equation may be applied. The
fact that the loading is in the elastic range allows

measurement of loads or displacements in the bar.

A typical test with the Kolsky apparatus occurs as
follows: a compressive stress wave is initiated in a long

elastic bar by means of an explosive percussion or by

13




impact from an incident projectile. If a projectile is
used, the reflection of the compressive wave from the aft
end of the striker unloads the bar and forms a pulse of
finite length. The pulse wave propagates in the input bar
longitudinally, and its amplitude is recorded as a
function of time by strain gage instrumentation as it
passes by the gage location. Ideally, the wave does not
disperse during its travel. The wave then reaches the

end surface of the input bar.

If a specimen is present, the wave is then partially
transmitted and partially reflected. The reflected
portion is directly proportional to the rate of strain in
the specimen, as will be explained in a later section.
The portion of the pulse that is transmitted into the
specimen reflects off of the ends of the input and output
bars many times. The exact nature of the interaction
depends on the geometry of the specimen and the relative
impedance mismatch between the bar material and the

specimen.

For a compressive strain wave induced in an elastic
rod, interaction with the free surface at the rod end
produces a reflected tensile wave and a transmitted

compressive wave. The magnitudes of the transmitted and

14




reflected waves are dependent on the properties of the
specimen sandwiched between the pressure bars,
specifically its characteristic impedance. The impedance
of a material to the transmission of a wave was described
by Davies and Hunter (1963) and by Hoge (1970). Impedance
is defined as Z = A(pE)*, where A is the area, p is the
density, and E is the Young's modulus of the material.
The mismatch in the impedances of the input bar and
specimen determines the relative transmission properties

of the pulse.

The transmitted pulse begins to load the specimen by
reflecting through the length of the material. The rate
of loading is somewhat dependent on the length of the
specimen and on the end conditions of the specimen. The
end conditions are important because if there is friction
between the end of the bar and the face of the specimen,
radial deformation will be retarded and apparent stresses
will result. 1Inertial forces may also result in apparent
stresses. It is assumed that the specimen is in
equilibrium when the stress state through the length of
the specimen is uniform. That a finite period of time is
necessary to reach equilibrium means that, for many
materials, the initial portion of a graph of stress as a

function of strain may not be meaningful. However, Davies

15



and Hunter (1963) found that the point at which the
specimen reaches stress equilibrium may be determined from

a stress-strain graph using the following criterion:

2 2
do s 7 pel .

de T
This criterion may be used to determine that the

2

viscoelastic samples under consideration in this study
equilibrate rapidly. Therefore, the stress-strain curves
may be used to determine an effective modulus. Davies
and Hunter (1963) evaluated the response properties of
various polymeric substances to high strain rates with
this approach. They determined that the limiting high
frequency behavior of a viscoelastic material could be
assumed to be linear, and that an initial modulus could be
determined for the viscoelastic materials in a "glassy"

state, analogous to elastic behavior.

The theory of one-dimensional wave propagation in
elastic media is well developed and readily applicable.
A summary of the theory follows, derived mainly from

Kolsky (1963).

A small element of cylindrical bar with thickness dx
and cross sectional area A is subjected to a stress wave,

of magnitude 0. The stress on one face is ¢ while the

16




stress on the other face is o + (30/3dx)dx. The components
of Newton's second law of motion (F=ma) may be written for

the element:

- eXed -
F = (o + Ix dx c] A
aa =
3% dx A = ma,
a%u so  _ 3%
m=p A dx, a = - Assembling these, —_— -
at ax at

For isotropic elastic materials, o = Ee, where
€ = 3U/8x. The partial derivative of Hooke's law

with respect to x is

80 3%u

—_— = E —_—
ax ax?

2:

Substituting C0

E/p results in an expression for the

propagation of a longitudinal wave :

2 2
U _ . 23U
_2_ —Co._z—o
at aIx
A harmonic wave may be assumed. Taking the partial

derivatives of u with respect first to x and then to t,

?.E=Co_a.ij=co._'
at ax E

Q

This reduces to o0 = p» C v, where v is particle velocity.

0
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If the incident, or input, kar has a stress wave
propagating through it, the particle velocity associated
with the wave front is v, = 0,;/pC,. The impedance
difference between the specimen and the bar material
result in a partial propagation of the wave. Part of the
wave 1is reflected as a tensile wave. If the interface
between the incident bar and the specimen is labeled
interface 1, and that between the specimen and the output
bar as interface 2, then vy = V; = (-v,), and v, = Vv,
(Figure 6). The difference between the particle
velocities at the interfaces gives the strain rate in the
sample. Therefore, the amplitude of the reflected wave is
proportional to the strain rate in the sample.
Integrating the strain rate gives the strain in the
sample:

t

e = [ e dt .
0

The velocity/stress relation may be used to calibrate the

strain sensing and recording devices used in the system.

The importance of the length-to-diameter ratio of the
specimen has been evaluated (Bertolf and Karnes, 1974)
relative to interface friction and specimen 1load

equilibrium. Davies (1948) found that a 1length-to-
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diame cer ratio of unity was desirable to accommodate kcth

of these considerations simultaneously.

Ambient Pressure Apparatus

The apparatus used in the current study basically
consists of a set of elastic bars, a table with adjustable
alignment mounts for the bars, a gas gun and striker
projectile for initiating an elastic pulse in the bars,
and a system for recording the history of the reflected
wave in the input bar and the transmitted stress wave in
the output bar (strain gages and signal conditioning
units). The specimen is sandwiched between the two

pressure bars (see Figure 7).

At the University of Maryland, both steel and
aluminum pressure bars were used. The strains were
detected with 1,000~ochm gages paired on the bars to
eliminate the effects of bending: only the plane strain
wavefront was to» be recorded. Aluminum bars were used to
improve the signal-to-noise characteristics of the
apparatus by matching the impedance of the elastic bar to
the gun propellant more closely. The %-inch-diameter
aluminum rods were each 1.2m (4 ft.) long, with strain
gages placed approximately in the center of the lengths.

The striker was of the same material as the bars.

20
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The strain gage bridges were powered and their
signals were output by MicroMeasurements' BAM-1B bridge
circuits. The frequency response of these units ranges
from 0 to 120 kHz, adequate capacity for good signal
representation. A Nicolet digitizing oscilloscope was
used to record and to view the strain gage signals. The
time base used in the tests ranged from 500 nanoseconds to
2 microseconds per data point. The features of the
instrumentation allowed very precise records of the strain
histories for the input and output bars to be stored and
resurrected for later manipulation. Data was stored on
the Nicolet's bubble memory and transferred to floppy disk
storage as ASCII files. A personal computer was used with
commercially available spreadsheet software (LOTUS ™ to

reduce the data and to prepare graphs.

The experimental setup for ambient pressure tests at
the BRL-IBD was much the same as that at the University of
Maryland. The bars used were aluminum, 12.7-mm (%-inch)
diameter and 1.2m (4 ft.) long with 1,0C0-ohm bridge
gages. The gas gun used was also similar; 0.15m- and
0.23m-long (6- and 9-inch) striker slugs were used. The
bridge circuits were powered by MicroMeasurements' 2310
Signal Conditioning units. Conditioned signals were input

to a Norland 3001/3001A Processing Digital Oscilloscope.
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Velocity/pressure profiles were generated for the gun to
allow some control over striker velocities and the

resultant strain amplitudes and rise times.

High-Pressure Device

The high-pressure Hopkinson split-pressure bar device
was designed to simulate the pressure regime present in
the gun chamber during the ballistic cycle. The device
was designed to be pressurized to about 200 MPa (30,000
psi} with a factor of safety of about 5 for most
components. A schematic for the device is shown in
Figure 8 with details of the assembly in Figure 9.
Basically, it consists of a Hopkinson split-pressure bar
apparatus contained in a pressure vessel, and a

pressurization systemn.

Other high-pressure adaptations of the Hopkinson
split-bar have been devised. The present design is
similar to a device built at the University of Utah by
Christensen et al. (1972). Chalupnik and Ripperger (1966)
also developed a high-pressure application of the Kolsky

apparatus.

The device 1is comprised of a pressure vessel,

aluminum bars, closure plugs, bar alignment rings, a

23
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pressurization system, striker, and instrumentation. The
forward closure plug contains a striker, which transmits
the stress wave into the pressure vessel and initiates the
stress wave in the input bar. Details of the component
designs and basic calculations are contained in the

Appendix.

The pressure vessel was designed around an available
Mann ﬁarrel (a type of smoothbore gun barrel often used in
testing) fabricated from SAE 4340 steel. The barrel was
1.8m (6 ft.) long, allowing the use of pressure bars up
to almost 0.9m (3 ft.) long. Aluminum bars and striker
were specified, again to more closely match the impedance

of the propellant samples to be tested.

The design allows for a gaseous pressurant, as
opposed to a liquid. The primary reasons for the
selection of a gaseous pressurant are 1) the desire to
closely simulate the combustion gases in a qun barrel,
and 2) the potential for improved ease of use over liquid
pressurants, as the system will require access to the
barrel interior and to the test specimen for each test.
The selection of a gaseous pressurant necessitated
application of rigorous design safety margins and safety

procedures during use.
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A Newport Scientific Double End Compressor was
selected as the pressurizing device. The system was
specially manufactured to allow pressurization to 200 MPa
(30,000 psi) using a 14 MPa (2,000 psi) nitrogen supply.
About 2 hour's time is required for the pressurization

cycle for each test.
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Chapter 3

Strain-Rate Dependence of Materials

The materials characterized in this study, all gun
propellant formulations or inert simulants, were JA-2,
M30, and HELOVA. The M30 and JA-2 formulations consist of
nitrocellulose, nitroglycerin, and nitroguanidine. The
JA-2 propellant also contains an energetic plasticizer,
diethyleneglycoldinitrate (DEGDN), to improve performance.
The HELOVA propellants include a nitramine oxidizer, RDX,
and a polymeric binder. The formulations may be
characterized as viscoelastic materials, i.e., their
properties are dependent on strain rate and temperature.
In addition, the solvent content of the propellant
formulations may vary over a fairly wide range, resulting

in varying properties as a result.

Data Recording and Reduction

Each test produced two strain-time traces to be
analyzed. The first is a record of the strain in the
input bar due to the passage of the strain pulse. A

typical strain-time history for the input bar (HELOVA
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propellant) is shown in Figure 10. As mentioned above,
the strain pulse history starts with a compressive wave,
which results from the impact of the striker slug on the
end of the bar and, after a few microseconds delay, a
tensile wave reflected off the aft end of the striker
unloads the bar. Alignment and surface conditions are

~ritical to the resulting shape of the pulse.

The pulse travels past the strain gage, producing the
initial part of the trace. The next part is a reflected
tensile wave, due to the interaction between the pulse and
the specimen/bar-end interface. The reflected pulse is
directly proportional to the rate of strain versus time in
the specimen and may be integrated to find the strain at
any point in time. Conversely, if no specimen is present,
and with perfect alignment and end conditions, the initial
compressive wave should be transmitted into the output bar
with no reflection, and no change in shape. For this
reason, calibration shots may be conducted without
specimens to determine if the system is properly aligned.
Similarly, the strain transmitted into the output bar
(Figure 11) is proportional to the stress in the sample.

A Lagrangian diagram for the event is shown in Figure 12.
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From each test three measurements are obtained:
sample stress from the output bar and sample strain rate
from the input bar are recorded directly as a function of
time. Sample strain as a function of time is obtained
from integration of the strain-rate history. The stress-
time and strain-time histories may then be used to create

a stress strain plot.

Discussion of Results

A typical data reduction procedure is presented for
the HELOVA propellants. The raw input bar pulse
amplitudes are directly proportional to the magnitude of
the strain rate in the sample, which is shown in(Figure 13}
as a function of time. The output bar strain history is
directly proportional to sample stress as a function of
time (Figure 14). Cross plotting the stress and strain
histories results in the stress-strain curve (Figure 15).
The point at which the sample reaches equilibrium was
estimated using the method of Davies and Hunter (1963).
An effective modulus was estimated from the initial linear

portion of the graph.

Test parameters and calculated results are presented

in Table 1, including stress, strain and eiiective
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Table 1. Test parameters and results for ambient pressure HSPB

— e

RN WR NN WRN —~ N =N

[ e S R

Effective
Modulus

GPa

.376
.715

.73
.73
.353
.07
.154
.06

.09
.35
L4696

.25
.18
.32
.03

Yield
Stress
MPa

48
28

22

21
21.55
21.5
22.8
22

27

17
21.5
23

Test Diameter Length  Maximum Strain
1D mm mm Stress Rate
MPa

HE1015 9.5 8.9 93 936
HE1115 9.6 7.8 97 1,097
HE315 9.3 8.5 105 1,368
HE415 11.4 8.0

HE515 11.3 9.8 85 1,027
HE614 10.5 11.7 44 620
HE615 9.6 9.5 47.5 621
HE714 10.6 8.3 43 740
HE715 9.6 9.5

HE814 10.7 8.4 48 755
HE815 9.1 7.8 95 1,414
HE914 10.8 11.4 45 808
HE915 9.2 8.9

JA 22701 8.6 9.2 27 1,207
J2.22704 8.7 8.5 25.8 1,308
JA 22705 8.7 8.0 27.2 1,357
JA 2276 8.9 8.8 27 1,408
JA 2277 8.8 9.5 26 1,286
JA2311 8.6 9.2 29 1,190
JA2312 8.6 9.2 33 1,442
JA2313 8.8 7.7 34 1,050
JA2315 8.6 9.2 26 1,416
JA2316 8.6 9.2 31 1,429
JA251 8.7 7.7

JA252 7.1 7.8

1302708 7.0 5.9

M302711 7.8 7.4

M30317 7.1 9.1 91 1,126
M30318 7.1 6.9 97 1,552
M3053 7.1 7.0 93 1,698
M3054 7.1 7.4 93 1,468
M3055 7.0 6.2 100 1,680
M3056 7.0 6.4 105 1,574
M3057 7.0 7.6 95 1,365
M3058 7.1 7.8 91 1,333
M3061 7.1 7.4 107 1,315
M3062 6.1 8.7

M3064 7.0 8.6

M3065 7.1 8.8

T e e e e s rm I T me e
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modulus. Values of maximum stress were determined from

the stress,/strain plots.

JA-2 Propellant Results

JA-2 is a much softer material than either M30 or
HELOVA. This fact can be seen in the unreduced data
traces for the HSPB tests, where the output strains with
JA~2 samples are quite low relative to those from tests
with M30 or HELOVA. The graphs are not corrected for
changes in cross~sectional area, so that the actual or

true stress/strain graphs may not have the same features.

JA-2 yielding occurred on average at strains of
about 1%, under strain rates of 1,500/s. The "yield
stress" was observed at about 20 - 22 MPa, followed by a
plastic zone to failure, which occurred at about 28 - 32
MPa. The initial elastic modulus, as indicated in the

stress strain curves, was about 2.0 - 2.5 GPa.

The shape of the stress strain curves obtained for
JA-2 is generally repeated in the results for most of the
tests. The curves seem to indicate a linear region of
high modulus at low strain, followed by a "yield point" to
a region of lower modulus. The elastic-~like region

obtains to strains of about 1.0 - 1.5%. Since most of
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the tests were conducted at strain rates of 1,200 -
1,500/s, it is not surprising that the "yield point"
stresses and maximum stress values are fairly consistent.
The results of the preliminary tests on the JA-2
propellant _seem to confirm the earlier results of
Costantino and Ornellas (1987), in terms of modulus and
maximum stress, for tests conducted in the same strain-
rate regime. Costantino and Ornellas' data are somewhat
more consistent (the scatter in the current data may be
seen in Figures 16, 17, 18, and 19). A graph of maximum
stress versus strain rate, incorporating data from Lieb
et al. (1981) and from Costantino and Ornellas (1987), as
well as data from the current study, indicates a slight
dependence of stress versus strain rate. A stronger
dependence of modulus on strain rate may be seen in the

data.

M30 Propellant Results

Maximum grain stresses ranged from about 95 to 105
MPa; strains at maximum stress averaged approximately 8%.
The strain rates for the initial series of tests ranged
from about 1,500/s to 1,900/s. Further data reduction, to

account for area changes, may be needed.
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These results contrast somewhat from the earlier
results of Lieb et al. (1985), at much lower strain rates.
They reported failure stresses of about 115 MPa, at
strains of about 5% under strain rates of about 300/s.
An effective modulus for M30 was reported at about 4.7 GPa
at those strain rates. Wires et al. (1979), also reported
much higher moduli for lower rate tests with M30. They
determined the average elastic modulus for M30 at strain
rates from 67/s to 100/s to be 1.90 GPa; M30 maximum

stress averaged 75.9 MPa.

The large discrepancies with the earlier results will
require extensive evaluation and additional testing in
order to determine if experimental artifacts are
manifested in the current results. Great difficulty was
encountered in determining the effective modulus from the
stress/strain graphs, due to the fact that a linear region
was often not apparent. A particular experimental problem
with M30 was the fact that it was very difficult to obtain
grains that could be cut to produce uniform right-circular
specimen cylinders. Many of the specimens had some
curvature. The degree to which this factor affected the

results is not known.
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Graphs of M30 maximum stress and effective modulus as
functions of strain rate indic:te a slight dependence for
both properties on strain rate (Figures 20, 21, 22, and
23). Although there is significant scatter in the data,

a definite increase in stiffness may be observed.

HELOVA Propellant Results

only a very small number of tests with HELOVA were
successful. Results for HELOVA tests were affected by
instrumentation failures to some degree. The output bar
traces showed particularly strong digitization effects,
limiting the usefulness of the resultant stress strain
plots. Nevertheless, the data were used to determine
values for effective elastic moduli, maximum stress, and
"yvield stress" as a function of strain rate, and the
natural log of strain rate.

Plots of modulus and maximum stress as a function of
strain rate are shown in Figures 24 and 25. Once again,
as with the other two types of propellants tested, a
strain rate effect may be observed. Test parameters were
varied to produce strain rates ranging from 620/s to

1,400/s.
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Effective elastic modulus ranged from about 1.8 GPa
to 8 GPa over a rate range of about 600/s -~ 1,400/s.
Yield stress values indicated a similar trend, ranging

from about 40 MPa to about 95 MPa.

Costantino and Ornellas' (1985) LOVA data indicate
somewhat lower stress values at higher strain rates under
ambient pressure (moduli were not reported). However, the
increase in maximum shear stress with strain rate shows a
strong strain-rate dependence. Alternatively, Lieb and
Rocchio's (1982) tests on HELOVA at lower strain rates

(250/s) resulted in higher stress and modulus values.
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Chapter 4

Conclusions

A Hopkinson split-bar apparatus was designed and
constructed at the U.S. Army's BRL. Preliminary tests
were conducted on three types of gun propellants to
determine the high-strain rate response characteristics of

the materials.

A pressurized version of the Hopkinson spli.-bar
apparatus was designed to permit testing of materials
under hydrostatic loadings of up to 200 Mpa (30 ksi) at
high-strain rates. Fabrication of the component parts is
underway at the BRL. Commercially available components
have been ordered. A procedure was devised for testing

with the high-pressure equipment.

Prelimary tests conducted on the JA-2 propellant
resulted in mechanical properties that agree closely with
reported data. Although the amount of data is limited, a
definite effect of strain rate is apparent in the results.

A much more extensive characterization program will be
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required in order to develop a viscoelastic model for use

in a finite element code.

Data collected for M30 are, however, somewhat
problematical. Although the values determined for stress
as a function of strain rate seem to agree with earlier
data, values obtained for the effective elastic modulus do
not. The tests were conducted at higher rates than have
been reported in the 1literature, but values for the
elastic modulus were much lower. Problems with test
techniques may have contributed to the apparent
discrepancies with existing results. Further, more

complete work is required in this area.

Although only limited amounts of valid data were
collected, results for HELOVA also tend to confirm trends
seen in earlier work by other researchers. The data seem
to clearly show a strong dependence of response properties

on strain rate.

In general, there is not much information available
concerning the properties of gun propellants at very high-
strain rates. The limited data that exist for the three
propellant types evaluated show dependence on loading rate

to varying degrees. A much more complete characterization
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effort is required to develop quantitative constitutive

equations for the materials.
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Appendix
Pressurized HSPB Device Design

The primary design concerns involved in the
development of the pressurized HSPB device were the
pressure vessel and its component parts. Given that the
design was developed around an available steel gun barrel,
the primary drive was to maximize the margin of safety

for the complete pressure vessel.

The Mann barrel was fabricéted from SAE 4340 steel,
heat treated to give a Brinnel hardness of 283,
corresponding to Rockwell C hardness 31. The hardness of
the steel was determined by personnel at the U.S. Army
BRL. The approximate yield stress corresponding to the
measured hardness is 862 MPa (125,000 psi) with an
ultimate stress of 1.00 GPa (145,000 psi) (see Baumeister
et al. (1979)). The yield stress value was used in safety

factor calculations.

The calculations for the stress state of the barrel
were made using standard stress formulas for a thick-

walled cylinder (Timoshenko and Goodier (1970)).
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1

The calculations for the stress state of the barrel
were made using standard stress formulas for a thick-

walled cylinder (Timoshenko and Goodier (1970):

a’p [ % ) b2+ a’
%= 12 2 Ll T2 ) “tmax~ P 12 _ 2
a%p [ b2 P2 - o2
O™ b2- a2 Ll r 2 | " %rmax” Piz _ a2
p a’
o, = N

A distortion energy approach was determined to be an

acceptable failure criterion for the resultant triaxial
stress state:

2

2 _ _ 2 _ 2 _
2 oy = (ol 02) + (o2 03) + (o3 ol)

o; = 3.797 p° : p;~ 440 MPa (64,000 psi)

Plastic analysis applied to the pressure vessel gives
a somewhat larger margin of safety. Very high quality
surface finishes on the interior and exterior portions of
the vessel were specified, to eliminate stress
concentrations that might reduce the factor of safety to

unacceptable levels.

The closure plugs for the Mann barrel were designed

to seal the pressure vessel and to reduce the effects of
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the triaxial stress state resulting from the internal
pressure. This was achieved by incorporating separate
sealing and locking regions in the plug design. The
forward end of each plug contains a neck that accommodates
a wedge/0O-ring set to seal the vessel (Figures 26 and 27).
Aft of the seal, hydrostatic pressure effects are
mitigated by a hole drilled into the wall of the Mann
barrel. Therefore, the forces on the locking threads are
longitudinal, and reduce the stress state to a biaxial
condition.

Since the threads will be exposed primarily to
unidirectional forces, a buttress thread was selected for
the closure plug locking section. Essentially, both ends
of the Mann barrel are the same. The closure plug at one
end allows for the installation of an impactor. The
thread stresses were calculated with simple shear
load/thread base area formulas (Schigley and Mitchell,

1983).

The wedge/O-ring seals used in the closure plugs are
relatively simple in concept. Two complementary rings
with a right triangular cross-section are used to sandwich
an O0-ring, as is shown in Figure 28. The O-ring will be
permanently deformed by the wedge rings, which compress

the rubber O-ring to achieve a seal. The surface finishes
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for the seal areas specified in the design were check 16
or better. The seal design for the impactor uses a

commercially available piston seal type requiring
exceptionally fine machining tolerances. The design
specifies the use of Parback seals from Parker Seals
Corporation, although any similar seal design should

suffice.

The striker is retained by a retainer cap, utilizing
the same buttress thread design (the thread direction is
the same as the plug threads to ensure that tightening the
retainer cap also tightens the closure plug. The material
specified for both the cap and plug is 4340 steel (Figures

29 and 30).

The striker material was specified as 7075-Té6
aluminum alloy. A shoulder is incorporated in the design
to prevent ejection by the confinement pressure (Figure
29). The design specifies radii to reduce stress
concentration at the shoulder. The dimensions of the

shoulder were developed using shear area calculations:

Shear area = 7 (0.5) L (where L is the shoulder depth)
Pressure P = 207 MPa (30,000 psi)

Force on Impactor = P*A““F3Ox103 X 2ﬂ(0.25)2=1.18x10‘1bf
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Figure 29. Striker design.

Closure Plug

Retainer Cap

Projectile

Rod Seal and Retaining Ring

Figure 30. Forward closure plug assembly.

57




The other closure plug basically acts to seal the
vessel, but also must allow passage of electrical
conductors associated with bar instrumentation. The
conceptual configuration for the feedthrough design was
adapted from a ball and seat design developed by Downs and
Payne (1969). The design employs a 3-mm-diameter ball
bearing which acts as a conductor and provides a sealing
surface (Figure 31). The ball bearings are held in place
by a plate with semi-spherical impressions machined into
the contact surface. The design allows relatively
inexpensive construction while maintaining a controlled
sealing capability. The feedthrough base seals the
pressure vessel with the same wedge/0O-ring design as is
used on the impactor end and is retained by a threaded,

hollow plug.

The device is assembled as follows:
1) The output bar is mounted in the pressure vessel
on the spacer rings, then strain gage leads are connected

to the feedthrough leads;
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1.18x10* 7500

Shear = == — 7 7

therefore, L = 24 mm (0.93 in.).

T
Y »
allowable— 5~ 48 MPa (7,000 psi)

The other closure plug basically acts to seal the
vessel, but also must allow passage of electrical
conductors associated with bar instrumentation. The
conceptual confiquration for the feedthrough design was
adapted from a ball and seat design developed by Downs and
Payne (1969). The design employs a 3-mm~diameter ball
bearing which acts as a conductor and provides a sealing
surface (Figure 31). The ball bearings are held in place
by a plate with semi-spherical impressions machined into
the contact surface. The design allows relatively
inexpensive construction while maintaining a controlled
sealing capability. The feedthrough base seals the
pressure vessel with the same wedge/O-ring design as is
used on the impactor end and is retained by a threaded,

hollow plug.

The device is assembled as follows:

1) The output bar is mounted in the pressure vessel
on the spacer rings, then strain gage leads are connected
to the feedthrough leads;

2) The aft end closure/feedthrough is assembled,

including the electrodes, electrode retainer, wedge rings,
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bar energy absorber, and O~-ring:

3) The aft end closure is installed;

4) The specimen is placed on the specimen carrier
attached to the active end of the input bar, the input bar
is placed in the pressure vessel, and the input bar strain
gage leads are attached to the input bar feedthrough
leads;

5) The forward end closure/striker is assembled,
consisting of wedge rings, O-ring, striker, striker energy
absorber, striker seal and seal-back-up ring, snap ring
and washer, and retainer cap:

6) The closure plug/striker assembly is installed,
sealing the forward end of the vessel. The vessel is then

purged with nitrogen and pressurized.
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